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Abstract Jabuticaba (Myrciaria cauliflora) is a dark berry,
endemic to the south and central regions of South America,
rich in anthocyanins and polyphenols. This study evaluated
the ultrasound-assisted extraction of bioactive compounds
from jabuticaba peel, developed a new mathematical model
for the process, and estimated the model parameters.
Extraction was carried out using water as solvent aiming its
direct use in food formulations. The main anthocyanin
(cyanidin-3-O-glucoside) and the main polyphenol (ellagic
acid) from jabuticaba peel were extracted and quantified by
LC–MS and HPLC. The results indicate that lowering the
pH increased the extraction of the anthocyanin and had
only slight effect on the extraction of ellagic acid. The
application of ultrasound at 25 kHz favored the extraction
of both compounds. Processing time of 20 min increased
the yield of both compounds, while over processing
([ 20 min) let to the sonochemical-induced hydrolysis of
cyanidin-3-O-glucoside and ellagic acid. The highest yield
of bioactive compounds was attained at 25 kHz, 20 min of
extraction and pH 1.5 (8.9 mg/g dry peel of gallic acid
equivalent, 0.9 mg/g dry peel of ellagic acid, and 7.9 mg/g
dry peel of cyanidin-3-O-glucoside). The new mathemati-
cal model considered the mass transfer between the powder
and the liquid media, and the sonochemical-induced
hydrolysis of the compound. The model was able to predict
satisfactorily the extraction process and the hydrolysis
effect.
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Introduction
Jabuticaba (Myrciaria cauliflora) is a native plant from the
south and central regions of South America. Its fruits
measures from 2 to 4 cm in diameter and contains up to
four seeds. The fruit has a white soft juicy pulp, has sweet,
but acidic flavor (pH * 4.5) and has a dark purple color.
The pulp is rich in minerals and ascorbic acid (Teixeira
et al. 2011), while the dark peel is rich in polyphenols and
anthocyanins.
The main anthocyanins found in jabuticaba is cyanidin-
3-O-glucoside (Einbond et al. 2004; Santos et al. 2010),
which has well-described biological properties including
antioxidant, anti-obesity, anti-inflammatory and anti-dia-
betic properties (Leite et al. 2011; Wu et al. 2013). The
anthocyanins are found in the fruit non-edible peel. Given
its properties and its characteristic color, the peel is used to
produce jams, ice cream and beverages. Among the
polyphenols, jabuticaba is rich in ellagic acid (Alezandro
et al. 2013).
Jabuticaba peel needs to be processed to be used in food
formulations, since its colored pigments need to be
extracted from the peel. Ultrasound-assisted extraction
(UAE) could be used to extract its high valuable
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compounds since the enhancement of the mass transfer is
obtained by acoustic-induced cavitation and its compres-
sion cycle (Rodrigues and Fernandes 2009). The main
effect of the compression cycles is the disruption of the cell
tissue increasing the access of the solvent to the target
compounds resulting in an improvement of the extraction
rate (Rodrigues et al. 2008; Fernandes and Rodrigues 2009;
Araujo et al. 2013). A efficient extraction process maxi-
mizes the recovery of target biocompounds, reduces the
degradation of these compounds, and uses environmentally
friendly solvents, such as water (Santos et al. 2010).
Modeling of extraction processes can be done by simple
empirical modeling that can predict the extraction results,
such as neural networks (Skenderidis et al. 2017), or by
more complex mechanistical modeling that can better
explain the phenomena. Mechanistic models for extraction
processes often rely on a first order kinetics or on Fick’s
law of diffusion (Gerke et al. 2018). These models are
useful for most conventional extraction technologies, but
they do not predict the decay, degradation or secondary
reaction that may occur during extraction when thermal or
non-thermal technologies are applied, such as microwave-
assisted extraction or ultrasound-assisted extraction (Zhu
et al. 2018). To deal with both extraction and decomposi-
tion phenomena, models need to be further developed.
This study evaluates and models the ultrasound-assisted
extraction of anthocyanins and phenolics from jabuticaba
peels. Acidified water was used as a solvent because of its
classification as a GRAS (generally recognized as safe)
solvent. The effects of the main process operating condi-
tions, such as pH, sonication time and ultrasound frequency
on the recovery of ellagic acid and cyanidin-3-O-glucoside
were evaluated. A mathematical model for the extraction
process that considers the mass transfer of compounds and
the decomposition of these compounds due to sonication
was developed.
Materials and methods
Materials
Jabuticaba (Myrciaria cauliflora) fruits were bought from
the Municipal Market at Sa˜o Carlos (Sa˜o Carlos, SP,
Brazil). The peels were removed by hand and dried in an
air-circulating oven for 24 h at 60 C. The peels were
milled (mean particle diameter of 300 lm) in an analytical
mill and stored at room temperature.
Cyanidin chloride (CAS Number 528-58-5;[ 95%
purity), ellagic acid (CAS Number 476-66-4;[ 95% pur-
ity), gallic acid (CAS Number 149-91-7;[ 97.5% purity)
and Folin–Ciocateau phenol reagent (MDL Number
MFCD00132625) were bought from Sigma-Aldrich (Saint
Louis, USA). Acetonitrile (CAS Number 75-05-
8;[ 99.9% purity) and methanol (CAS Number 67-56-
1;[ 99.9% purity), HPLC grade, were purchased from
Tedia Company Inc. (Fairfield, USA). Hydrochloric acid
(CAS Number 7647-01-0; 37% ACS specification), and
sodium carbonate (CAS Number 497-19-8;[ 99.5% pur-
ity) were bought from Synth (Sa˜o Paulo, Brazil).
Ultrasound-assisted extraction
The extraction of anthocyanins and phenolics from the
jabuticaba peels were carried out in an ultrasonic bath
(Unique model USC25, Brazil). An amount of 4 g of peel
was added to a Falcon tube along with 40 mL of acidified
water (1:10 w/v ratio). The suspension was subjected to
ultrasonic waves for 10, 20, 30 and 40 min. After extrac-
tion, the suspension was centrifuged at 4900 rpm for
5 min, and the supernatant was collected and analyzed.
Two ultrasonic baths were used, one working at 25 kHz
with a power density of 50 W/L and one working at
40 kHz with a power density of 60 W/L. The power den-
sity of the ultrasonic baths was determined by the calori-
metric method (Lo¨ning et al. 2002). The tubes containing
the jabuticaba powder was placed in the center of the bath
right above the ultrasound transducer.
The acidified water was produced at three levels of pH
(1.5, 3.0 and 7.0) by addition of hydrochloric acid. Control
experiments were carried out without the application of
ultrasound and served to evaluate the effectiveness of the
ultrasound-assisted extraction. The acidification of the
water was studied because anthocyanins have higher sta-
bility at low pH.
Total phenolic content
The Folin–Ciocalteu method was applied to determine the
total polyphenols content (Larrauri et al. 1997). A sample
of 1.0 mL of the extracts was mixed with 1 mL of Folin–
Ciocalteu reagent, 2 mL of distilled water, and 2 mL of
20% (w/v) sodium carbonate solution. After a 2 min
incubation period, the absorbance was measured at 700 nm
in a UV–Vis spectrophotometer (Thermos model Evolution
200, USA) using a quartz cuvette with optical pathwidth of
10 mm. Results were expressed as gallic acid equivalents
(GAE). The relative uncertainty of the results were 1%
(Skoog et al. 2017).
Determination of phenolics by LC–MS
This study employed the general procedure for screening of
phenolics in plant materials (Lin and Harnly 2007). The
screening used a LC-DAD-ESI/MS instrument (Varian
HPLC, model 250 HPLC, USA) coupled with a diode array
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detector (DAD) and a mass spectrometer (Varian model
500-MS IT, USA). The separation was achieved with a
Symmetry C18 column (5 lm, 250 9 4.6 mm, Waters Inc,
USA) in a column oven set at 30 C. The mobile phase
consisted of a combination of A (0.1% formic acid aqueous
solution) and B (0.1% formic acid in acetonitrile) at a flow
rate of 0.4 mL/min. The gradient changed linearly from 10
to 26% of B (v/v) in 40 min, to 65% of B at 70 min, and
finally to 100% of B at 71 min, holding it at of 100% B for
4 min. The DAD was set at 350, 270 and 520 nm for real-
time read-out. The UV–Vis spectra were read from 190 to
650 nm.
Mass spectra were acquired using electrospray ioniza-
tion in the positive (PI) and negative ionization modes
(NI), mass range between 100 and 2000 amu, and frag-
mentation voltage of 80 V. The drying gas pressure was set
at 2.4 bar, drying gas temperature at 370 C, nebulizer gas
pressure at 2.7 bar, spray shield voltages at 600 V, and
capillary voltages at 3500 V. After a 50% split, the LC
system was coupled to the MSD. The identification of the
compounds was based on the mass spectrometry data for
molecular ions.
Determination of ellagic acid and cyanidin-3-O-
glucoside content
The quantification of ellagic acid and cyanidin-3-O-glu-
coside was carried out using a HPLC (Varian model 335,
USA). The separation was achieved using a Zorbax SB-
C18 column (3.5 lm, 150 9 4.6 mm, Agilent, USA) at a
flow rate of 1.0 mL/min (Brito et al. 2007). The mobile
phase consisted of 10% aqueous formic acid (solvent A)
and 10% formic acid in methanol (solvent B). A linear
gradient was applied from 12% of B to 25% of B during
32 min, to 60% of B during 48 min, to 100% of B during
50 min, held for 1 min, and then reduced back to 12% of B
during 55 min. The UV–Vis detector collected the signal at
370 nm for ellagic acid and at 530 nm for cyanidin-3-O-
glucoside. The relative uncertainty of the results were 0.5%
(Skoog et al. 2017).
Mathematical modeling
The extraction process was modeled considering the
extraction of bioactive compounds from the jabuticaba
powder to the extraction medium and the degradation of
these bioactive compounds due to the extraction process
conditions. Two models were developed because antho-
cyanins and phenolics behaved differently regarding their
decay rates. Anthocyanins decayed as a zero-order reaction
(Eq. 1), while phenolics also decayed as a function of
extraction time (Eq. 2).
dCA
dt
¼ kA CmaxA  CA
CmaxA
 
 kdACA ð1Þ
dCP
dt
¼ kP CmaxP  CP
CmaxP
 
 kdPCpt ð2Þ
where CA is the concentration of anthocyanin (cyanidin-
3-O-glucoside) (mg/L), CP is the concentration of pheno-
lics (ellagic acid) (mg/L), CmaxA is the maximal concen-
tration of anthocyanin that could be achieved in the
extraction (mg/L), CmaxP is the maximal concentration of
phenolics that could be achieved in the extraction (mg/L),
kA is the extraction rate constant for anthocyanin (mg/L/
min), kP is the extraction rate constant for phenolics (mg/L/
min), kdA is the decay rate constant for anthocyanin
(min-1), kdP is the decay rate constant for phenolics
(min-2), and t is the time (min).
The mathematical model was implemented in Python
programming language version 3.7 using the Anaconda
2018 platform. The equation system was integrated using
the 4 order Runge–Kutta method, and the model param-
eters were determined by applying the Levenberg–Mar-
quardt method, available through the SciPy library version
1.2 for scientific computing.
Only part of the available data was used when esti-
mating the model parameters. Half of the data obtained at
10 min and half of the data obtained at 30 min were not
presented during the estimation of the parameters. This
data was used to validate the model, by directly comparing
the model predictions to the experimental measurements.
Validation was done carrying out a F hypothesis test of
whether the difference between predicted and real mea-
surements was greater than a 95% level of confidence. The
F-test was carried out after the estimation of the model
parameters, also using the subroutine available in the SciPy
library version 1.2 for scientific computing.
Optimization
The optimization of the process was carried out using the
one-factor-at-a-time method, because pH and processing
time are continuous variables while sonication frequency is
a discrete variable having only three fixed values (0, 25 and
40 kHz).
Results and discussion
The chromatographic analysis of the extracts showed that
ellagic acid and cyanidin-3-O-glucoside were the main
compounds extracted from jabuticaba peel (Fig. 1).
Cyanidin-3-O-glucoside ([M]? m/z 449; RT 15.6 min)
was the dominant anthocyanin, ellagic acid ([M]?m/z 303;
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RT 18.1 min) was the dominant polyphenol, and other
compounds appeared only as traces. Figure 1 presents a
representative chromatogram of the extracts, showing the
peaks of cyanidin-3-O-glucoside and ellagic acid. The
peaks shown in the chromatogram in residence times
between 0 and 15 min refer mainly to sugars and not to
phenolics nor anthocyanin compounds.
Figures 2, 3 and 4 present, respectively, the total phe-
nolics, ellagic acid and cyanidin-3-O-glucoside content of
the extractions carried out at three different pH, processing
time and ultrasonic frequency. Water was a suitable solvent
for the extraction of phenolics from jabuticaba peel, and its
acidification had a slight influence on the extraction
process.
Effect of ultrasound-application
As an overall trend, the ultrasound-assisted extraction was
able to extract more anthocyanins (cyanidin-3-O-glu-
coside) and polyphenols than the conventional process. The
influence of ultrasound-assisted extraction in total phenolic
content was small but positive.
Chemical decay of phenolics during extraction, without
ultrasound assistance, was noted by the decrease in content
from 20 to 40 min of processing time, which was more
pronounced at lower pH values (Fig. 2). The use of ultra-
sound increased the total phenolic content as a function of
processing time. Statistical analysis of mean at a 95% of
confidence level showed that the processing time was a
significant factor and that the ultrasonic frequency did not
present a significant difference among the extractions
(p\ 0.05).
The concentration of cyanidin-3-O-glucoside (antho-
cyanin) in the extracts was generally higher for the
extraction process carried out with the 25 kHz ultrasound,
which resulted in the highest recovery of anthocyanin from
the jabuticaba peel. The extraction carried out with ultra-
sound application recovered more anthocyanins than the
control extraction (without ultrasound application), espe-
cially when carried out at 25 kHz or after 40 min of pro-
cessing (Fig. 3). Statistical test of means showed that the
extractions with and without ultrasound application were
statistically different. The means obtained with ultrasound
application were higher than the control experiments
(without ultrasound application).
The concentration of ellagic acid in the extracts was higher
for the extraction carried out with the 25 kHz ultrasound. The
extraction carried out with ultrasound application recovered
more of this phenolic compound, as observed for the extrac-
tion of cyanidin-3-O-glucoside. The recovery of ellagic acid
was higher when carried out at 25 kHz or after 40 min of
processing (Fig. 4). Statistical test of means showed that the
Fig. 1 Chromatogram of the jabuticaba peel extract (pH = 1.5;
sonicated at 25 kHz; processing time 40 min)
Fig. 2 Extraction of total phenolics as a function of pH and
processing time: a not subjected to sonication; b sonicated at 25 kHz;
c sonicated at 40 kHz
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extractions with and without ultrasound application were
statistically different. The means obtained with ultrasound
application were also higher than the control experiments
(without ultrasound application).
The mass of cyanidin-3-O-glucoside recovered using the
ultrasonic process (7.9 mg/g dry peel) was higher than the
reported for high-pressure carbon dioxide assisted extrac-
tion (HPCDA), which obtained 2.2 mg/g of cyanidin-3-O-
glucoside (Santos and Meireles 2011). The total phenolics
content, however, was 31% lower than the reported for
HPCDA (13 mg/g).
Effect of the acidified water pH
The influence of pH in the recovery of anthocyanin and
ellagic acid was significant. The mass of anthocyanin and
ellagic acid increased as pH decreased. These results
indicate that both compounds decay at high pH (7.0) and
that they should be extracted and stored at low pH (1.5).
The recovery of anthocyanin decreased by 76% when pH
went from 1.5 (acid) to 7.0 (neutral). The recovery of
ellagic acid decreased even more drastically (89%) when
pH went from 1.5 to 7.0. The results evidence the need for
acidic conditions for the extraction and storage of the
anthocyanin.
The pH peculiarly influences anthocyanins, because its
structure can undergo reversible transformations in aque-
ous media. At pH 1 the flavylium cation predominates,
while quinoidal species are predominant at pH values
between 2 and 4. A carbinol pseudo base and a chalcone
are observed at pH values between 5 and 6, respectively.
Anthocyanins degrades at pH higher than 7 (Castan˜eda-
Fig. 3 Extraction of cyanidin-3-O-glucoside as a function of pH and
processing time: a not subjected to sonication; b sonicated at 25 kHz;
c sonicated at 40 kHz
Fig. 4 Extraction of ellagic acid as a function of pH and processing
time: a not subjected to sonication; b sonicated at 25 kHz; c sonicated
at 40 kHz
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Ovando et al. 2009). All these forms (flavylium, quinoidal,
carbonol and charcone) coexist in equilibria but one of
them is predominant at specific pHs. Our results indicate
that the flavylium cation form is more easily extracted than
the other forms, thus the process should be carried out at
low pH.
In a related work, Rodrigues et al. (2015) studied the
extraction of ellagic acid and cyanidin-3-O-glucoside from
jabuticaba peel using an acidified ethanol solution. Their
results showed that the influence of pH was very significant
and that ethanol solution at pH 1.0 provided the highest
extraction of anthocyanins and phenolics from the peel.
Comparing the results obtained herein with the results from
Rodrigues et al. (2015), it is possible to notice that the use
of acidified water resulted in a higher yield of cyanidin-3-
O-glucoside but lower yield of ellagic acid. The content of
cyanidin-3-O-glucoside extracted with acidified water was
34% higher than using acidified ethanol. The content of
ellagic acid, however, was 87% lower than using acidified
ethanol. The results show a clear preference of cyanidin-3-
O-glucoside towards extraction with water and of ellagic
acid towards extraction with ethanol.
Mathematical modeling
Table 1 presents the kinetic rate parameters found for the
extraction from jabuticaba peels of ellagic acid, cyanidin-
3-O-glucoside, and total phenolics. The mathematical
model presented a satisfactory fit to the experimental data
due to the values of the statistical R2 parameter close to 1.0.
Table 1 Kinetic rate parameters for the extraction of cyanidin-3-O-glucoside, ellagic acid and total phenolics from jabuticaba peel
Ultrasonic frequency (kHz) pH Extraction rate ke (mg/L/min) Decay rate kd (min
-1) Maximum concentrationa Cmax (mg/g) R
2
Cyanidin-3-O-glucoside
0 1.5 0.757 0.037 11.6 0.997
0 3.5 0.099 0.035 11.6 0.996
0 7.0 0.138 0.017 11.6 0.997
25 1.5 1.202 0.049 11.6 0.999
25 3.5 0.318 0.058 11.6 0.998
25 7.0 0.201 0.079 11.6 0.998
40 1.5 0.263 0.005 11.6 0.996
40 3.5 0.128 0.019 11.6 0.999
40 7.0 0.093 0.003 11.6 0.998
Ellagic acid
0 1.5 0.015 0.0005 1.13 0.997
0 3.5 0.012 0.0016 1.13 0.999
0 7.0 0.007 0.0016 1.13 0.998
25 1.5 0.078 0.0005 1.13 0.999
25 3.5 0.024 0.0033 1.13 0.998
25 7.0 0.010 0.0031 1.13 0.998
40 1.5 0.038 0.0005 1.13 0.999
40 3.5 0.031 0.0025 1.13 0.999
40 7.0 0.007 0.0005 1.13 0.998
Total phenolics
0 1.5 0.774 0.0020 15.1 0.996
0 3.5 0.682 0.0013 15.1 0.980
0 7.0 0.608 0.0013 15.1 0.995
25 1.5 0.676 0.0009 15.1 0.990
25 3.5 0.680 0.0008 15.1 0.990
25 7.0 0.769 0.0014 15.1 0.985
40 1.5 0.726 0.0011 15.1 0.995
40 3.5 0.655 0.0006 15.1 0.999
40 7.0 0.614 0.0006 15.1 0.993
aMaximum concentration (Cmax) refer to the theoretical maximal concentration of component devoid of decay
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Validation of the model was carried out with the whole
dataset applying the F-test resulting in a level of confidence
of 95%, which can also be seen visually thought the plots
presented in Figs. 2, 3 and 4.
The extraction process using the 25 kHz ultrasonic fre-
quency presented a faster extraction kinetic rate than the
40 kHz ultrasonic frequency and the control extraction
(without ultrasound application). Ultrasound at 25 kHz
induces stronger cavitation in the liquid medium with a
consequent increase in the breakdown of cells, which
results in higher extraction of bioactive compounds from
the cells (Rodrigues and Fernandes 2009).
The extraction rate of cyanidin-3-O-glucoside was
higher than the extraction rate of ellagic acid, despite the
higher concentration of cyanidin-3-O-glucoside in jabuti-
caba peel, denoting that cyanidin-3-O-glucoside is more
accessible to extract from jabuticaba peel than ellagic acid.
On the other hand, the decay rate of cyanidin-3-O-glu-
coside was also higher than the decay rate of ellagic acid,
denoting that cyanidin-3-O-glucoside is less stable in
aqueous solution than ellagic acid. The decay rate of
cyanidin-3-O-glucoside subjected to sonication at 25 kHz
was higher than its decay rate in the conventional extrac-
tion. Thus, a higher degradation of cyanidin-3-O-glucoside
will occur during sonication.
Sonochemical-induced hydrolysis
The possible mechanism of cyanidin-3-O-glucoside degra-
dation is due to hydrolysis at the ether bond between cyanidin
and the glucoside group (Fig. 5a), in a similar mechanism
observed for the sonochemical hydrolysis of alpha-solanidine
and alpha-chaconine into beta-solanidine and beta-chaconine
(Alves-Filho et al. 2018). Therefore, if a higher concentration
of cyanidin-3-O-glucoside is to be attained, the ultrasound-
assisted extraction should be carried out for a short period (up
to 10 min). Otherwise, the concentration of thismolecule will
decrease due to sonochemical degradation.
The decay rate of ellagic acid is significantly lower than
the decay rate of cyanidin-3-O-glucoside because the
sonochemical hydrolysis of ellagic acid depends on a ring
opening reaction, which requires a higher amount of energy
than the hydrolysis of the ether bond between cyanidin and
the glucoside group (Fig. 5b).
Optimization
The pH of the extraction medium had a significant influ-
ence on the extraction rate. Lower pHs induced a higher
extraction rate of cyanidin-3-O-glucoside, ellagic acid, and
total phenolics, except for the extraction of phenolics at
Fig. 5 Reaction mechanism of the sonochemical hydrolysis of cyanidin-3-O-glucoside (a) and ellagic acid (b)
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25 kHz. The pH at 1.5 was de optimal pH for the extraction
of both cyanidin-3-O-glucoside and ellagic acid.
The extraction rate of total phenolics has higher than
the extraction rate of cyanidin-3-O-glucoside and ellagic
acid (except for the ultrasound-assisted extraction at
25 kHz and pH 1.5) mostly because this rate constant is a
weighted average of the individual extraction rates of all
compounds that can be extracted by this technique. The
determination of the extraction rate through mathematical
modeling allows us to conclude that minor phenolic
compounds in jabuticaba peel are extracted preferentially
at pH ranging from 3.5 and 7.0; and that sonication does
not affect the extraction of these minor compounds sig-
nificantly, since the extraction rate coefficient of total
phenolics under this pH range is much higher than the
coefficients of ellagic acid and cyanidin-3-O-glucoside
under the same pH range.
Conclusion
Ultrasound-assisted extraction has successfully extracted the
major phenolic compounds in jabuticaba peel: ellagic acid and
cyanidin-3-O-glucoside. Extraction time and solution pH
were the most significant variables on the ultrasound-assisted
extraction of these phenolic compounds. The extraction car-
ried out subjected to sonication for 10 min at 25 kHz, and pH
1.5 was optimal for maximizing the extraction of cyanidin-3-
O-glucoside, while the extraction carried out subjected to
sonication for 20 min at 25 kHz and pH 1.5 was optimal to
extract all major phenolic of the extract. The extraction yiel-
ded 8.9 mg/ g dry peel of gallic acid equivalent, 0.9 mg/g dry
peel of ellagic acid, and 7.9 mg/g dry peel of cyanidin-3-O-
glucoside. The mathematical model developed for the
extraction process, and that considered the mass transfer of
phenolics and product degradation presented a satisfactory fit
to the experimental data (R2[ 0.98).
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